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Abstract 
The following thesis presents the results of six full scale beams tests as part of a research 
program conducted at McGiIl University on the effect of steel fibres on the shear capacity of a 
beam with an a/d ratio greater than 2.5. The test specimens had the following dimensions: 
4 400 mm long, 300 mm wide and 500 mm long. The beams had 4-25M bottom reinforcing 
bars and 2-20M top reinforcing bars. Two series were designed with different reinforcing 
details: the "BA" series contained transverse reinforcement spaced at 275 mm center to center 
while the "BB" series had no transverse rein forcement. The specimens were cast in three 
batches of two specimens from each series, with each batch containing concrete with 
respectively 0%, 0.5% and 1 % fibres content by volume. The beams were simply supported 
and were tested with two equal point loads located at 500 mm from the centre of the beam. 
This research project demonstrated a clear improvement of the shear capacity resulting from 
the use of steel fibres for the beams without transverse reinforcement. For the beams with 
transverse reinforcement, displacement ductility was highly increased. This suggests that 
fibres have the potential to reduce the congestion of the reinforcement if fibres are designed to 
replace partially closely spaced transverse reinforcement. Also, it was noted that a 
redistribution of stresses occurred resulting in the formation of more well-controlled cracks. 
FinaIly, the strength predictions using the method developed by Aoude (Aoude, 2007) agree 
very weIl with the experimental results. 
Résumé 
Le présent mémoire expose les résultats de six poutres pleine grandeur faisant partie 
intégrante d'une étude portant sur le comportement en cisaillement de poutres renforcées avec 
des fibres d'acier effectuée à l'université McGill. Les poutres avaient pour caractéristiques 
une longueur de 4 400 mm, une largeur de 300 mm et une hauteur de 500 mm. Les poutres 
étaient également armées avec quatre barres 25M dans la zone en traction des spécimens et 
deux barres 20M dans leur zone en compression. Ces poutres ont été subdivisées en deux 
groupes distincts avec pour chacun des détails de renforcements transversaux différents. Pour 
la serie« BA », les poutres contenaient des étriers espacés à 275 mm centre à centre. Quant à 
la série « BB », les poutres ne contenaient aucun renforcement traditionnel. Trois binômes de 
spécimens ont été constitués avec un spécimen de chaque série pour partager les 
caractéristiques du béton, soit des bétons contenant 0%, 0,5% et 1 % de fibres par volume de 
béton. Les poutres étaient simplement appuyées et ont été testées sous deux charges 
concentrées égales à 500 mm de part et d'autre de la mi-portée du spécimen. 
Les résultats des essais indiquent une amélioration notable de la capacité en cisaillement des 
poutres ne contenant pas de renforcement transversal lors d'ajout de fibres d'acier. Par 
ailleurs, les spécimens pourvus de renforcement transversal développent une déformation 
plastique plus importante à mesure que des fibres d'acier sont ajoutées. Cette caractéristique 
est des plus intéressantes dans le cas où une forte congestion d'armature existe. Il a également 
été remarqué qu'une meilleure redistribution des contraintes avait lieu dans les spécimens ce 
qui tendait à réduire la taille des fissures. Aoude (2007) a par ailleurs développé des 
prédictions pour cette série de test qui s'accordent bien avec les résultats obtenus lors des 
essais. 
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Chapter 1 
Introduction and literature review 
1.1 Introduction 
The purpose of this thesis is to investigate the capacity of fibre reinforced concrete 
(PRC) beams subject to shear. The research program consisted of testing six full-scale 
beam specimens. The main variables consisted of the presence of web rein forcement and 
the presence of steel fibres. 
This chapter reviews the response of members in shear, and in particular the modified 
compression field theory (MCFT), the provisions of the 2004 CSA A23.3 Standard (CSA 
2004), the application of the MCFT in the software RESPONSE 2000. As weIl, the 
previous research on shear resistance of steel fibre reinforced concrete will be reviewed. 
1.2 Response of Beams in Shear 
1.2.1 Modified Compression Field Theory 
In 1986, Vecchio and Collins made a significant contribution to the civil 
engineering field by developing an analytical model to predict the behaviour of 
reinforced concrete elements. The modified compression field theory builds on the 
compression field theory (Mitchell and Collins, 1974 and Collins and Mitchell, 1984). 
The MCFT takes into account tensile stresses in the concrete between the cracks. These 
tensile stresses are a function of the crack width and the aggregate size. Moreover, the 
crack pattern is idealized as a series of paraIlel cracks aH occurring at an angle e with 
respect to the longitudinal axis. The modified compression field the ory uses equilibrium 
and compatibility of strain as weIl as stress-strain relationships to predict the response of 
an element. Collins et al. (1996) explained the development of this theory which resulted 
in the foIlowing design equation for shear strength: 
[N, mm] [1.1] 
Where: 
bv = effective web width taken as minimum web width within effective shear depth dv 
dv = effective shear depth taken as flexurallevel arm, which may be taken as 0.9d for 
non-prestressed concrete elements 
13 = tensile stress factor that indicate the ability of cracked concrete to transmit shear 
The tensile stress factor 13 can be determined as: 
f3 = 0.33cotB < 0.18 
1 + ~500El - 0.3 + 24w 
a+16 
Where the crack width, w is taken as: 
~l = principal tensile strain 
Sc = crack spacing in the e direction 
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[N, mm] [1.2] 
[mm] [1.3] 
and, 
[1.4] 
In the case of a non-prestressed beam with bottom reinforcement, the longitudinal 
strain can be calculated as 
[N, mm] [1.5] 
Where: 
M = factored moment at the section, taken as positive 
N = factored axial load at the section taken as positive for tension and negative for 
compression 
v = factored shear taken as positive 
As = area of longitudinal reinforcement 
Es = modulus of el asti city of longitudinal reinforcement 
It is assumed that the minimum amount of stirrups for this design method be taken so 
that: 
V>O.5q>Vc [1.6] 
A complete set of tables and charts has been developed (Collins et al. 1996) with the 
values of e, ~, Ex and Vt/(Àq>cfc) in order to simplify the application of the method. The 
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solution requires a trial and error process beginning with an assumption of Ex and then the 
calculation of 8 which is then reused to verify that Ex is within the prescribed range. 
1.2.2 CSA Shear Design procedure 
Two related methods are used in the CSA Standard (CSA 2004) to predict the 
shear strength of reinforced concrete. Both procedures, based on the MeFT and based on 
the simplification made by Bentz and Collins (2006), state that the total shear strength 
should be calculated such as: 
Where, 
And 
rpsAv!ydv cotO 
Vs = ---=-----
s 
[N] [1.7] 
[N, mm] [1.8] 
[N, mm] [1.9] 
The simplified method, based on the assumption that the steel reinforcement does not 
exceed 400 MPa and that the specified concrete strength is no more than 60 MPa, 
prescribes that 8 should be taken as 35° and ~ be deterrnined as follow 
a) if the section contains the minimum amount of transverse reinforcement then P = 
0.18 
b) if the section contains no transverse reinforcement and the specified nominal 
maximum size of aggregate is not less than 20 mm, then 
4 
fJ = 230 
1000+dv 
[1.10] 
c) if the section contains no transverse reinforcement and for aU aggregate sizes 
then, replace dv in equation 1.10 by Sze, where: 
35sz s = ---"--
ze 15+a
g 
[1.11] 
Where 
Sz = the crack spacing parameter shaH be taken as dv or the maximum distance 
between layers of distributed longitudinal reinforcement, whichever is the 
less. 
And 
[1.12] 
The general method based on linear equations has been developed to evaluate 8 and ~. 
The values of 8 and ~ are a function of the longitudinal strain (cx), the effective crack 
spacing (sze), the applied loads and the stiffness of the tension reinforcement. In the case 
of non-prestressed members, the longitudinal strain is taken at rnid-depth and 
conservatively estimated to be: 
[N, mm] [1.13] 
The parameter Cx is indicative of the longitudinal stiffness of the member, with higher 
values of Cx resulting in larger crack widths and hence lower shear strengths. Previous 
5 
work has demonstrated that there is a size effect for the shear strength of members with 
little or no stirrups: the deeper the beam, the wider are the cracks (Bentz, 2005). The 
second term is Eq. [1.14] accounts for the size effect. 
Following from that: 
fi = 0.40 • 1300 
(1+ 1500ex ) (lOOO+sze) 
[1.14] 
And, 
e = 29+7000e
x 
[1.15] 
The relationship [1.14] was incorporated into the 2004 CSA standard because it closely 
approximates the lower bound of the full MCFT analyses for the same data. As for Eq. 
[1.15], Bentz and Collins (2006) have demonstrated that it fits within reasonable bounds 
of the angle 9. 
1.2.3 Response 2000 
Response 2000 is a computer program that has been developed by Bentz (Bentz, 
2000) at the University of Toronto. The software performs a full MCFT analysis and 
pro vides full graphical output of stresses and strains at critical stages of loading. It is 
based on three fundamental assumptions: 
As in the traditional beam theory, plane sections are assumed to remain plane. 
This statement would hold for beams and columns which have lengths that are 
more than 4 times their depth. 
The second assumption states that there is no significant transverse clamping 
stress acting through the beam for similar l/d ratio as above. In the case where 
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transverse clamping exists, the real strength would be underestimated, and the 
prediction would be conservative. 
The last assumption is that the MCFf can be used for bi-axial stress-strain 
behaviour of the cracked concrete throughout the depth of the beam. 
The analysis accounts for section properties (concrete strength, yield strength, ultimate 
strength for steel) as weIl as loading conditions (moment, shear and axial load) and is 
performed using stress-strain relationships for the diagonally cracked concrete and the 
complete stress-strain relationship for the steel reinforcement. 
1.3 Shear Response of Fibre Reinforced Concrete Beams 
Shear failures can be very brittle, particularly for members with little or no 
transverse reinforcement. Over the last 30 years, fibre reinforced con crete has been the 
subject of many research programs. However, there exists no provisions in the CSA 
Standard to account for the beneficial effect of fibre-reinforced concrete. 
1.3.1 Previous research 
Mansur et al. (1986) determined the shear strengths of a series of 24 fibre-
reinforced concrete beams in which the shear span-to-effective depth ratio (a/d), volume 
fraction of fibres, percentage of reinforcement, and strength of the concrete were varied. 
It was observed that beams with no fibres failed in shear for all the a/d ratios. Inclusion of 
short fibres in the concrete mix tended to change the failure mode from shear to flexure 
for higher values of a/d, to finally have all the beams failing in flexure irrespective of the 
7 
a/d ratio when the volume of fibres is very high. Moreover, it was observed that the shear 
strength tends to increase with increasing fibre content and decreasing a/d ratio. AIso, for 
a particular volumé fraction of fibres, the rate of increase in shear strength is higher at 
low value of a/d. Mansur et al. assumed that the inclusion of fibres would affect the shear 
strength of concrete in the same way it affect the concrete strength f' c. Basing their work 
on the ACI building code equation, they found that 
Where 
(JIU = residual stress of fibrous concrete in tension 
r7 pVd (0.16" ie + 17.2-) 
M 
[1.16] 
[1.17] 
Sharma (1986) conducted a relatively small experimental pro gram with fibre-
reinforced concrete beams. In order to determine the effectiveness of the steel fibres, all 
beams had the same cross-section and the same flexural reinforcement. In addition, two 
different web reinforcement amounts were investigated. It was noticed that the fibre-
reinforced concrete beams had greater ductility and hence absorbed a significantly higher 
amount of energy than the beams without fibres. It was also observed that steel fibres 
increased the shear strength. To include the effect of fibres, Sharma proposed the 
following equation for shear strength: 
_ ,(d)O.25 
Vu -kit 
a 
[1.18] 
8 
Where 
= 
k = 
is the split-cylinder tensile strength of concrete, orO.79(j; t.5 , if the 
tensile strength is unknown 
a constant equal to ~ 
Narayanan and Darwish (1987) investigated the behavior of steel fibre reinforced 
concrete subjected to shear for 49 rectangular cross-section beams. The variables were 
the web reinforcement details, as well as the fibre content, the fibre aspect ratio, the 
concrete strength, the amount of longitudinal reinforcement and the shear spanleffective 
depth ratio. The inclusion of steel fibres in reinforced concrete beams resulted in a 
substantial strength increase. It was noticed that aIl beams showed a similar linear 
behavior up to the occurrence of the first hairline diagonal crack. However, beams with 
no shear reinforcement failed soon after the formation of that crack, while beams with 
stirrups and fibre reinforcement continued to resist far higher shear stresses after 
cracking. In sorne cases a strength increase as high as of 70 percent was obtained, 
accompanied by a tendency to shift the failure from a shear to a flexural failure. It was 
also noticed that several diagonal cracks would form in the fibre-reinforced concrete 
beams and that the crack spacing reduced indicating a redistribution of stresses. 
Following the testing and observations, Narayanan and Darwish proposed the following 
equation for the shear stress at ultimate, accounting for the fibre contribution and the 
dowel action: 
9 
[1.19] 
Where 
e = 1.0 when a/d> 2.8 
e = 2.8(d/a) when a/d < 2.8 
r = Average fibre matrix interfacial bond stress 
Lt· = Length of fibres 
Df = Diameter of fibres 
df = bond factor 
t'SpfC = computed value of split cylinder strength of fibre concrete 
Vf = volume fraction of fibres 
This proposed equation gave acceptable predictions for 91 beams with a mean value of 
1.09 for the observed ultimate shear/predicted ultimate shear and a standard deviation of 
0.157. 
Imam et al. (1994) modified an expression that Bazant and Sun had developed to 
predict the shear strength of normal-strength conventional concrete beams. The Bazant 
and Sun (1987) expression was developed based on the results of nonlinear fracture 
mechanics, which indicate that the shear capacity is a function of maximum aggregate 
size (da) and the ratio of beam depth to maximum aggregate size (d/da). Their equation 
differs only in that the rein forcement factor ()) was substituted for the flexural 
reinforcement p and the constants were adjusted by a statistical analysis. 
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3 rf( , )0.44 rI] 
Vu = 0.6\f1:v al Je + 275 ~ (rc; y [1.20] 
Where 
\jI= 
1 + ~(5.08/ dJ 
size factor equal to ---;:=====-~1+d/25da 
00= (
LV d ) reinforcement factor equal to p 1 + 4 f ~ f 
d f = bond factor, equal to 0.5 for smooth fibres, 0.9 for deformed fibres, and 1.0 for 
hooked fibres 
The predictions using Eq. [1.20] were found to be unconservative for shallow beams and 
too conservative for deep beams. 
Khuntia et al. (1999) proposed a general method that applies to a wide range of 
concrete strengths (from 20 to 100 MPa), different fibre volumes (from 0.25% to 2%), 
and different shear span-to-depth ratios (from 0.5 to 8). This method is very similar the 
one developed by Mansur. However, this expression considers explicitly the relation 
between concrete strength and post-cracking tensile strength of fibre reinforced concrete. 
Moreover, this equation considers the application to high-strength FRe. This method can 
thus be used conveniently used for an practical ranges of concrete. 
Khuntia et al. suggested that the shear stress at ultimate be determined by: 
Il 
[1.21] 
Where 
a = 2.5 % < 3 =1 for ~ < 2.5 
a = 1 for ~ ~ 2.5 
Kwak et al. (2002) conducted twelve tests on reinforced concrete beams with 
variation of steel fibre-volume content from 0 to 0.75%, variation of span-depth ratios 
from 2 to 4, and two concrete compressive strengths of 31 and 65 MPa. A new equation 
for shear strength was then developed by combining the form of Zsutty's (1971) equation 
to account for the influence of tensile strength on arching action, with an addition al fibre 
term to account for the direct contribution of the fibres to shear resistance. The ultimate 
shear stress was given by: 
2/ (d)h [ L V d ) Vu = 3.7ef~k P---;; +0.8 0.41r f ~ f [1.22] 
Where 
e = 1.0 when a/d > 3.5 
e = 3.5(d/a) when a/d < 3.5 
r = average fibre matrix interfacial bond stress, equal to 4.15 MPa 
The predictions were compared with the results of 139 tests of fibre-reinforced concrete 
beams that failed in shear and it was compared with other design equations for shear 
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strength proposed by Sharma (1986), Narayanan and Darwish (1987), Imam and 
Vandewalle (1994), and Ashour, Hasanain, and Wafa (1992). It was found that the 
procedure proposed by Narayanan and Darwish was the most accurate. The formula 
proposed by Kwak et al., however, further improved the accuracy of estimates of the 
shear strength and the onset of shear cracking. For the proposed equation, the mean value 
of the ratio of measured to calculated shear strength was 1.00, and the coefficient of 
variation was 15%. 
Cucciara's et al. (2003) studied the combined effect of fibres and stirrups as weIl 
as the improvement of the post-peak behavior due to the presence of fibres. Sixteen 
beams were tested with different percentages of stirrups and fibres. Hooked-ended steel 
fibres were also used. The researchers were able to record the complete load-deflection 
curve, deducing therefore information about the energy dissipating capacity of the 
structural member. 
Comparable performances in terms of ultimate strength were obtained by using steel 
fibres as shear reinforcement in an adequate dosage instead of stirrups. A combination of 
both, however, was more suitable because stirrups allowed a greater deformation capacity 
beyond the elastic limit. The experiments also showed that the inclusion of fibres 
modified the failure mechanism from a brittle shear failure to a ductile flexural 
mechanism, hence allowing a larger dissipation of energy. AIso, it showed that the 
addition of fibres allowed a more progressive cracking process to take place which 
resulted in a reduced crack width. 
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For the beams without specifie shear reinforcement, the expression used to calculate the 
ultimate shear stress was: 
[1.23] 
Where: 
x=R +250~~r 
Va' Vb = shear stresses due to the arch and beam actions respectively 
In the case where stirrups are included, a third term was added leading to the following 
equation: 
[1.24] 
Where: 
Pw = Ais is the stiITUP ratio evaluated with reference to the spacing s 
For the FRC beams made, an empirical relationship was also proposed by Cucciara in 
order to determine the shear strength of fibre reinforced concrete beams: 
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[1.25J 
Where 
k' = is a constant equal to 2/3 
Ir' = is the indirect tensile strength deterrnined with the splitting-tension test. 
It was found that the predicted values of this expression and the experimental results were 
in reasonable agreement. Cucciara also gave a numerical approach to estimate the 
ultimate shear strength and proved it to be acceptable when compared to the experimental 
results. 
1.4 Objectives of the Research Program 
The main objective of this research pro gram is to investigate the influence due to 
the addition of steel fibres in reinforced concrete beams. Specifically, the following 
aspects will be examined: 
1) The effect on shear capacity. 
2) The influence on crack control and the crack formation pattern. 
3) The effects on the ductility of the member. 
A comparison will also be made between the results and the prediction based on 
the work of Aoude (2007) to validate his theoretical approach. 
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Chapter 2 
Experimental Program 
2.1 Design and Details of the Bearn Specimens 
Six full-scale beam specimens were constructed and tested in the Structures 
Laboratory of the Department of Civil Engineering at Mc Gill University. The specimens 
were cast in three batches of con crete with different fibre contents, aU with a target 
concrete strength of 30 MPa. The fibre content by volume was of 0.5% for the first batch, 
1 % for the second batch, while the third batch did not contain any fibres. AlI specimens 
had a length of 4400 mm, a width of 300 mm and height of 500 mm. 
For each concrete batch, two beams were cast. The first one, containing no 
stirrups, was chosen to induce a shear failure for the specimen and to analyze the 
contribution of the fibres in modifying the failure mode. The second one was selected in 
accordance with the 2004 CSA Standard (CS A 2004) to meet the requirement for 
minimum transverse rein forcement and hence contained lOM stirrups at a spacing of 275 
mm. This transverse reinforcement was chosen to permit the development of a flexural 
failure rather than a shear failure. 
AIl specimens had the same longitudinal reinforcement which consisted of four 
25M bars for the bottom reinforcement and two 20M bars for the top reinforcement. For 
alI the specimens a 50 mm c1ear cover was provided for the main longitudinal 
reinforcement. This resulted in a 40 mm c1ear cover for the beams with stirrups. 
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The specimens were divided in two series: the BA series had minimum transverse 
reinforcement, while the BB series had no transverse reinforcement. Specimens were also 
numbered according to the fibre content in percent by volume. Table 2.1 summarizes the 
specimen identification and details. 
Table 2.1 Specimens Identification 
Specimen Fibre Top Bottom Transverse 
Designation Content Steel Steel Reinforcement 
"BA 0%" 0% 2 -20M 4x25M lOM @ 275 mm 
"BB 0%" 0% 2x20M 4x25M Not present 
"BA 0.5%" 0.5% 2x20M 4x25M lOM @ 275 mm 
"BB 0.5%" 0.5% 2x20M 4x25M Not present 
"BA 1 %" 1% 2x20M 4x25M lOM @ 275 mm 
"BB 1 %" 1% 2x20M 4x25M Not present 
Figures 2.1 and 2.2 show the arrangement of steel and the dimensions of the specimens. 
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2.2 Material Properties 
2.2.1 Reinforcing Steel Properties 
Table 2.2 summarizes the material properties for the steel reinforcement used in 
the construction of the specimens. AlI of the reinforcement used was Grade 400. The 
values reported in Table 2.2 are the averages of the material testing on the samples taken 
from three random bars. Figure 2.3 shows typical tensile stress-strain responses of the 
reinforcing bars. 
Table 2.2 Reinforcing Steel Properties 
Size Area fy (MPa) Ey Esh fu(MPa) 
Designation (mm2) Average Average Average Average 
(Std. Dev.) (Std. Dev.) (Std. Dev.) (Std. Dev.) 
479.5 0.0024 0.02335 599.4 
lOM 100 
(0.71) (0.0000036) (0.002882) (9.67) 
435.6 0.00219 0.01882 581.3 
20M 300 
(7.69) (0.0000385) (0.001845) (2.88) 
429.3 0.00215 0.01648 602.3 
25M 500 
(4.16) (0.0000208) (0.000202) (0.54) 
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2.2.2 Concrete Properties 
The concrete used to construct the specimens was provided by a local ready-mix 
plant. The target strength was 30 MPa at 28 days. Table 2.3 summarizes the concrete mix 
design provided by the ready-mix plant for each concrete batch. Following the cast, the 
specimens were covered by wet burlap and plastic sheets to adequately moist cure the 
concrete for a period of seven days. 
Table 2.3 Con crete Mix Design 
30MPa 30MPa 30MPa 
Concrete Concrete Concrete 
Characteristics 
Batch 1 Batch 2 Batch 3 
0.5% fibres 1.0% fibres 0% fibres 
cement (Type 10), kg/m j 290 290 290 
coarse aggregates (20mm), kg/m j 350 350 350 
coarse aggregates (14mm), kg/mJ 525 525 525 
fine aggregates (sand), kg/mJ 980 980 980 
water, kg/m j 175 175 175 
superplasticizer, ml/mJ 1500 2000 1000 
water reducing agent, ml/100 kg 250 250 250 
steel fibre content, kg/mJ 40 80 0 
slump, mm 160 150 250 
air content (design air content), % 8.0 (2.5%) Il (2.5) 5.5 (2.5) 
Density, kg/m.! 2311 2309 2312 
19 
Standard cylinders and flexural beams were cast with the specimens and were placed in a 
curing room with 100% humidity up to the time of testing. Three standard cylinders, 150 
mm diameter by 300 mm long, were tested for each batch of concrete. The measured 
compressive strength, le, varied between 19 and 23 MPa, which is below the target 
strength of 30 MPa. This difference can be explained by the higher air content measured 
in the fresh con crete compared to the target air content in the mix design. Figure 2.4 
shows typical stress strain curves for the tested cylinders. Three other standard cylinders 
were used to test the splitting tensile strength /sp. Three beams, 100 x 100 x 400 mm in 
size, were subjected to third-point loading over a span of 300 mm to determine the 
modulus of rupture Ir. Table 2.4 summarizes the concrete properties. 
Table 2.4 Concrete properties 
Size f c (MPa) fr (MPa) f sp (MPa) 
Designation Average Average Average 
(Std. Dev.) (Std. Dev.) (Std. Dev.) 
First Batch 21.3 3.62 2.2 
(0.5% fibre) (1.26) (0.127) (0.21) 
Second Batch 19.6 4.04 2.3 
(1 % fibre) (0.35) (0.143) (0.23) 
Third Batch 23.6 4.32 2.28 
(0% fibre) (0.68) (0.022) (0.13) 
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2.2.3 Steel fibre Properties 
The steel fibres used in this research pro gram were Dramix ZP-305 fibres with 
hooked ends, provided by BEKAERT. They had a length of 30 mm, a diameter of 0.55 
mm and have a tensile strength of 1100 MPa. To attain the 0.5% fibre reinforcement 
content by volume, 40 kg of fibres were used per cubic metre of concrete. For the 1 % 
fibre reinforcement content, 80 kg of fibres were used per cubic mete of concrete. Table 
2.5 summarizes the properties of the steel fibres. 
Table 2.5: Steel fibre properties 
Fibre type Length If Diameter df Aspect ratio Tensile strength 
(mm) (mm) 1 ffy 
-.L(mmlmm) 
df (MPa) 
Dramix ZP-305 30 0.55 55 1100 
2.3 Test Setup and instrumentation 
Figure 2.5 shows the support detailing that was used. The six beams were centred 
under the MTS univers al testing machine and were simply supported. The beam was 
supported by two bearing plates 100 x 150 x 25 mm in size, arranged side-by-side to give 
a total width of 300 mm. The bearing plates were supported by a rocker having a radius 
of 250 mm, which in tum, was supported by two 152 mm diameter roliers positioned 
between two 76 mm thick rectangular steel plates. The loading was applied using a 206 x 
206 x Il mm steel beam with an overalliength of 1200 mm. This beam rested in a pair of 
50 mm diameter roll ers which in tum rested on 100 x 150 x 25 mm bearing plates. A 
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high strength-capping compound was used to seat the loading and the support bearing 
steel plates against the concrete surfaces. 
Figure 2.6 shows the location of linear voltage differential transformers (L VDTs) for all 
beams. These L VDTs were attached to the beams by threaded rods epoxied into holes 
drilled in the concrete. The enabled the determination of average concrete strains over 
gauge lengths measured between the threaded rods. The same arrangement of these strain 
measuring devices was used for both series BA and BB. An attempt was made to position 
these strain measuring devices such that the diagonal cracks that were expected to form 
would pass between the ends of the strain devices. The strain measuring de vices were 
located such that horizontal, diagonal and vertical strains could be measured at the same 
location, thus forming a strain rosette. Vertical L VDTs were placed at midspan and 
below the loading points and at the supports so that the midspan deftection could be 
measured and corrected for any support settlement. 
The tensile strains in the reinforcing bars were measured by the electrical resistance strain 
gauges, with a gauge length of 5 mm. The gauges were glued to both the bottom tension 
reinforcement and on the stirrups (if present). The strain gauges on the bottom 
reinforcement were placed at distances of 465 and 1700 mm from both ends of the beam 
and at its center. Figures 2.7 and 2.8 show the locations of the electrical resistance strain 
gauges on the longitudinal reinforcement and the stirrups. 
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2.4 Testing Procedure 
A smaU initialloading was first applied to the beam to seat the bearing plates and 
capping compound. During this seating, wedges were used to avoid movement of the 
specimen and maintain the rollers in the proper position. The testing was done in two 
distinct mode of loading: a load control phase and a deflection control phase. The load 
control was set at 20 kN/min. After 125 kN, the loading was switched to deflection 
control which was set at 0.65 mm/min up to the failure of the beam or flexural yielding 
whichever occurs first. In cases where yielding was reached, the deflection control mode 
was switched to 1.0 mm/min up to failure of the specimen or to a load level equal to 80% 
of the maximum load achieved during testing. A load stage was set at every 25 KN 
intervals up to the maximum loading. FoUowing the peak load, the load stages were taken 
at increments of 1.5 mm (twice) then 2.0 mm, 2.5 mm, 3.0 mm, 4.0 mm (twice), 5.0 mm 
(four times) and 10 mm intervals. At every significant load stage, the deflection was held 
constant in order to photograph the crack pattern and record the crack widths. 
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Chapter 3 
Experimental Results 
The responses of the six beams that were tested are discussed in this chapter. The purpose 
was to study the behaviour of these beams to see the influence of the presence of fibres 
and shear rein forcement. The total applied load versus midspan deflection responses, as 
well as the strain distributions in the steel and concrete, are used to compare the 
behaviour. The testing of all of the beams was continued until shear failure occurred, or 
alternatively for a flexural failure after a decrease greater than 20% of the peak load 
occurred. 
As discussed in Chapter 2, all of the beams have a rectangular cross section, 300 mm 
wide and 500 mm deep and contain 4-25M bottom reinforcing bars and 2-20M top 
reinforcing bars. 
3.1 Bearn "BA 0%" 
Bearn "BA 0%", is 4400 mm long, contains no fibres and has stirrups spaced at 
275 mm which corresponds to minimum shear reinforcement prescribed by the CSA 
Standard A23.3 (CSA 2004). Figure 3.1 shows the load versus midspan deflection 
response of the Bearn "BA 0%", with the deflection corrected for displacements at the 
supports. 
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The first hairline crack occurred at 50 kN in the midspan region. As the load was 
increased, more hairline cracks appeared in the flexural region. The first clear flexural 
crack occurred at a 100 kN. At load stage 5, the loading was switched from load control 
to deflection control, at a rate of 0.65 mm/min. As the load was increased, the first shear 
cracks appeared on the north side at 275 kN. From that load on, the shear cracks started to 
extend both in the north side and the south side, with a small predominance for the shear 
cracks in the south side. At 432 kN, the steel started to yield and general yielding was 
attained at a load of 482 kN. By load stage 18 (450 kN), the diagonal cracks had extended 
greatly, almost reaching the supports (see Fig 3.2). At load stage 19, the flexural cracks 
continued to extend. The testing was stopped at a load of 379 kN, after the load dropped 
by 23% compared to the maximum peak load attained at 482 kN. This was accompanied 
with severe crushing around the constant moment region (see Fig 3.3). The maximum 
midspan deflection was 72.2 mm. Table 3.1 summarizes the main events. 
Figure 3.6 shows that the steel has yielded at the center at a load of 430 kN and 
extended very quickly toward the north side of the beam. The south si de yielded a bit 
later at 462 kN, not far from the peak load. However, the yielding did not reach the 
supports. Figure 3.7 shows that on the north side no stirrups had yielded while on the 
south side two stirrups had yielded close to the peak load of 480 kN. Readings from 
gauge 19 and part of the readings from gauge 20 after yielding occurred should be 
discarded as the gauges have been damaged during the test. 
The strain in the concrete was measured by two rosettes at the north and south 
side of the beam. At failure, the strain was -0.0002 in the horizontal direction, 0.0058 in 
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the vertical direction and 0.0042 in the 45 degrees direction for the north side while for 
the south si de it was 0.0002 in the horizontal direction, 0.0066 in the vertical direction 
and 0.0036 in the 45 degrees direction. Consequently, the principal strains are in the north 
direction E1=-0.0061 and E2= -0.0005 with 8 = 12.5°, and in the south direction E]= 
0.0066 and E2= 0.0002 with e = 1.8°. The results are given in Fig. 3.5. 
a e aJor ven s unng testmg 0 T hl 3 1 M' E t d . fB eam "BA 09f" 0 
Load Stage Total Applied Load Deflection at Midspan Comment (kN) (mm) 
0 0 0 Initial setting of the beam 
2 50 1.44 First hairline cracking 
4 100 2.86 Flexural cracks start to 
appear and develop 
Switch to deflection 
5 125 3.57 control at a rate of 0.65 
mm/min 
11 275 8.43 Shear cracks start to develop 
13 325 10.86 Shear cracks extended toward supports 
18 450 16.75 Flexural cracks extend greatly 
19-20 Maximum load attained - -
at 482 kN 
First signs of crushing 
26 486 41.59 between load supports; Switch deflection control 
to 1.00 mm/min 
29 378 72.57 Failure; End of test at 80% of maximum load 
3.2 Bearn "BA 0.5%" 
Bearn "BA 0.5%" has the exact same characteristic and reinforcement details as 
Bearn "BA 0%" except that the concrete contains 0.5% of fibre by concrete volume. As 
the int1uence of the content of fibre is being investigated, the specimen is expected to 
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demonstrate a higher ductility. Figure 3.8 shows the load-deflection response of the Bearn 
"BA 0.5%" corrected for displacement at the supports. 
The first hairline crack appeared at 40 kN, a lower load than the one of Bearn "BA 0%". 
By step 3, the mode of loading was switched to deflection control with a rate of 0.65 
mm/min. It is not until load stage 5 (175 kN) that the first notice able flexural cracks 
appeared. Their development went on up to load stage 10 at 300 kN, when the shear 
cracks started to develop. From that point on, the development of the diagonal cracks 
started and they extended toward the supports which they reached by load stage 13 (425 
kN). The maximum load was attained at 488 kN with a corresponding midspan deflection 
of 19.80 mm. Beyond that point, the flexural cracks started to open widely (see Fig 3.9) 
up to the first signs of crushing around 481 kN. The test ended at 380 kN, which 
correspond to 77 % of the maximum load (see Fig 3.10). Table 3.2 summarizes the main 
events of this test. 
Figure 3.13 shows the strain gauge readings for the longitudinal steel of Bearn 
"BA 0.5%". Once again, the steel has started yielding in the center region before 
extending to the north side of the beam at 400 kN. At 440 kN, the south portion yielded. 
Comparing this behaviour to the one of Bearn "BA 0%", it can be noticed that the steel 
has yielded at a lower load. Figure 3.14 shows the gauge readings for the stirrups of 
Bearn "BA 0.5%". Three stirrups are found to have almost reached the yielding point, 
with values between 1750 and 1950 micro-strain while only one has actually yielded. 
The strain in concrete was measured by two rosettes in the north and south side of 
the beam. At failure, the strain was 0.0011 in the horizontal direction, 0.0027 in the 
vertical direction and 0.0053 in the 45 degrees direction for the north side while for the 
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south side it was 0.0008 in the horizontal direction, 0.0044 in the vertical direction and 
0.0061 in the 45 degrees direction. Consequently, the principal strains are in the north 
direction El=0.0054 and E2= 0.0016 with e = 12.5°, and in the south direction 
El= 0.0066 and E2= 0.0002 with e = 38.4°. The results are given in Fig. 3.12. 
a e . aJOf T bl 32M' E vents d . unng testmg 0 fB earn BA 0 50/1 0 
Load Total Applied Deflection at Comment Stage Load (kN) Midspan (mm) 
a a 0.00 Initial setting of the beam 
a to 1 40 0.69 First hairline cracking 
Switch to deflection 
3 125 3.12 control at a rate of 0.65 
mm/min 
5 175 4.75 Flexural cracks start to 
appear and develop 
10 300 9.44 Shear cracks start to develop 
15 425 15.55 Shear cracks extend toward supports 
18 488 19.80 Maximum load attained 
at 488 kN 
19 478 22.59 Flexural cracks extend greatly and open wide 
21 481 28.51 First signs of crushing between load supports 
24 462-458 41.75 Switch deflection control to 1.00 mm/min 
31 439-380 106.80 Failure; End of test at 80% of maximum load 
3.3 Bearn "BA 1.0%" 
Once again the Bearn "BA 1.0%" has the same characteristics as Bearn "BA 0%" 
and "BA 0.5%". However, it has a different fibre content (1 %) while the reinforcement 
details are kept the same as the two other specimens. Figure 3.15 shows the load-
deflection response of the Bearn "BA 1.0%" corrected for displacement at the supports. 
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The first hairline crack appeared at 50 kN which is similar to the one of "BA 0%" at the 
midspan region. By load stage 5, test control was switched to deflection at a rate of 0.65 
mm/min. The flexural cracks started to widen slowly up to 0.15 mm by load stage 7 (175 
kN). After the load stage Il (275 kN), the first shear cracks appeared and they steadily 
developed until reaching the supports by load stage 21 (482 kN) (see Fig 3.16). At this 
point, the flexural cracks resumed their growth, and the maximum load was attained at 
load stage 22 (488 kN) with a corresponding midspan deflection of 25.07 mm. The first 
signs of crushing appeared at load stage 24 (483-480 kN). The beam failed at 380 kN at 
which point, 78 % of the maximum load was attained (see Fig 3.17). The maximum 
deflection of the beam was 130.28 mm. Table 3.3 summarizes the major events of this 
specimen. 
Figure 3.20 shows the strain gauge readings on the longitudinal steel for Bearn 
"BA 1.0%". The gauge measuring the strain in the center portion of the beam was not 
functioning. The north region of the beam yielded at 410 kN followed very quickly by the 
southem portion which yielded at 450 kN' The values are similar to the one of Bearn "BA 
O.5%".Figure 3.21 shows the strain gauge readings for the stirrups of Bearn "BA 1.0%". 
Only one stirrup was found to have yielded just before the failure of the beam. The other 
stirrups were found to have values around 1000 micro-strain at failure. 
The strain in concrete was measured by two rosettes in the north and south side of 
the beam. At failure, the strain was 0.0014 in the horizontal direction, 0.0016 in the 
vertical direction and 0.0028 in the 45 degrees direction for the north si de while for the 
south side it was 0.0020 in the horizontal direction, 0.0031 in the vertical direction and 
0.0072 in the 45 degrees direction. Consequently, the principal strains are in the north 
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direction El=0.0028 and E2= 0.0002 with e = 42.8°, and in the south direction 
E]= 0.0073 and E2= -0.0021 with e = 41.6°.The results are given in Fig. 3.19. 
Table 3.3 Major Events during testing of Bearn "BA 1.0%" 
Load Total Applied Deflection at Comment Stage Load (kN) Midspan (mm) 
0 0 0.00 Initial setting of the beam 
2 50 1.11 First hairline cracking 
Switch to deflection 
5 125 3.61 control at a rate of 0.65 
mm/min 
7 175 5.37 Flexural cracks start to 
appear and develop 
11 275 9.11 Shear cracks start to develop 
18 450 17.25 Shear cracks extended toward supports 
21 482 22.55 Flexural cracks extend greatly and open wide 
22 488 25.07 Maximum load attained 
at 488 kN 
24 483-480 31.69 First signs of crushing between load supports; 
26 477-472 42.13 Switch deflection control to 1.00 mm/min 
34 459-386 130.28 Failure; End of test at 80% of maximum load 
3.4 Bearn "BB 0%" 
Bearn "BB 0%" is 4400 mm long and has no shear reinforcernent and no fibres. 
Figure 3.22 shows the 10ad-deftection response of the bearn "BB 0%" corrected for 
displacernent at the supports. 
The first hairline flexural crack appears at 47.5 kN. By load stage 5, the testing machine 
was switched to deflection control at a rate 0.65 mm/min and the flexural cracks start to 
deve1op. The first shear cracks appear at 250 kN and grow very rapidly while extending 
toward the supports (see Fig 3.23). The shear failure occurs suddenly at 258.5 kN in the 
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south si de of the specimen with a corresponding deflection of 8.15 mm and the load 
drops to 152 kN. Table 3.4 summarizes the main events. 
Figure 3.27 shows the measured strains in the steel. It can be noticed that the steel 
has not yielded and has reached a maximum of 1300 micro strains at failure. 
The strain in concrete was measured by two rosettes in the north and south side of 
the beam. At failure, the strain was 0.0005 in the horizontal direction, 0.0001 in the 
vertical direction and 0.0010 in the 45 degrees direction for the north side while for the 
south side it was 0.0003 in the horizontal direction, 0.0366 in the vertical direction and 
0.0231 in the 45 degrees direction. Consequently, the principal strains are in the north 
direction 101= 0.0010 and 102= 0.0004 with e = -37.0°, and in the south direction 
C1= 0.0371 and 102= -0.0002 with e = 7.2°. The results are given in Fig. 3.26. 
Table 3.4 Major Events during testing of Bearn "BB 0%" 
Load Total Applied Deflection at Comment Stage Load (kN) Midspan (mm) 
0 0 0.00 Initial setting of the beam 
2 47.5 0.70 First hairline cracking 
Switch to deflection control 
5 125 3.09 at a rate of 0.65 mm/min, Flexural cracks start to 
appear and develop 
Shear cracks start to 
10 250 7.61 develop and extend rapidly 
to support 
Sudden failure by diagonal 
11 258.5 8.15 shear crack on South Side. 
Load drop to 155 kN. 
3.5 Bearn "BB 0.5 %" 
Bearn "BB 0.5%" has the exact same characteristic and reinforcement details as 
Bearn "BB 0%" except that the concrete contains 0.5% of fibre by concrete volume. It is 
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expected that the specimen will attain a higher failure load than Bearn "BB 0%". Figure 
3.28 shows the load-deflection response of the Bearn "BB 0.5%" corrected for 
displacement at the supports. 
The first hairline crack appears at 55 kN. At load stage 5 (125 kN), the test control is 
switched to deflection at a rate of 0.65 mm/min. By load stage 6 (150 kN), the flexural 
cracks clearly appear and develop. The first shear cracks appear at 275 kN at which point 
they also start to grow drastically. The diagonal cracks develop both in the south and 
north side, with a predominance in the north side. The maximum load attained is 304 kN 
with a corresponding deflection of 12.07 mm (see Fig 3.29). Starting at load stage 13, the 
load starts to drop and a large diagonal crack forms on the north side which let us expect 
a sudden failure in the north side. Unexpectedly, at load stage 15 (207 kN), the shear 
failure occurs in the south si de and the corresponding deflection is found to be 14.69 mm 
(see Fig 3.30). Table 3.5 summarizes the main events of the testing. 
Figure 3.33 shows the measured strains in the longitudinal steel. It can be noticed 
that the steel has not yielded and has reached a maximum of 1600 micro strains at failure. 
The strain in concrete was measured by two rosettes in the north and south side of 
the beam. At failure, the strain was 0.0036 in the horizontal direction, 0.0077 in the 
vertical direction and 0.0066 in the 45 degrees direction for the north side while for the 
south side it was 0.0005 in the horizontal direction, 0.0658 in the vertical direction and 
0.0430 in the 45 degrees direction. Consequently, the principal strains are in the north 
direction 1':1= 0.0079 and 1':2= 0.0033 with e = -12.4°, and in the south direction 
1':1= 0.0672 and 1':2= -0.0010 with e = 8.4°. The results are given in Fig. 3.32. 
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Table 3.5 Major Events during testing of Bearn "BB 0.5%" 
Load Total Applied Deflection at Comment Stage Load (kN) Midspan (mm) 
0 0 0.00 Initial setting of the beam 
2 55 1.00 First hairline cracking 
5 125 3.10 Switch to deflection control 
at a rate of 0.65 mm/min 
6 150 3.93 Flexural cracks start to 
appear and develop 
11 275 8.83 Shear cracks start to develop 
Extension of shear cracks 
12 295 10.43 to supports in North and South side - Predominance 
of North shear crack 
13 304 12.07 Maximum Load of 308 kN 
14 290 13.82 Large diagonal Shear crack forms on North side 
Sudden failure by diagonal 
15 207 14.69 shear crack on South Side. 
Load dro(>_ to 200 kN 
3.6 Bearn "BB 1.0%" 
Bearn "BB 1.0%" has the exact sarne characteristic and reinforcernent details as 
Beams "BB 0%" and "BB 0.5%". The only difference is the fibre content which is 1 %. It 
is expected that the specimen will attain a higher failure load than Bearn "BB 0.5%". 
Figure 3.34 shows the load-deflection response of the Bearn "BB 1.0%" corrected for 
displacernent at the supports. 
The first hairline crack appears at 74 kN, just before load stage 3 (75 kN). The test 
control is then switched to deflection control at a rate of 0.65 mm/min at stage 5 (125 
kN). By load stage 7 (175 kN), flexural cracks appear c1early and start to develop. At load 
stage 10 (250 kN), shear cracks appear and grow relatively slowly. By load stage 13 (325 
kN), the growing pace of the cracks increase significantly while the north side of the 
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specimen shows a wide diagonal crack (see Fig 3.35). The failure finally occurs at 395 
kN in the north side and the load drops to 104 kN very quickly. The corresponding 
midspan deflection was 17.35 mm(see Fig 3.36). Table 3.6 shows the main events of the 
"BB 1.0%" specimen testing. 
Figure 3.27 shows the measured strains in the steel. It can be noticed that the steel 
has not yielded but has reached a value of 1900 micro strains, close to yielding, at failure. 
The strain in concrete was measured by two rosettes in the north and south side of 
the beam. At failure, the strain was -0.0035 in the horizontal direction, 0.1093 in the 
vertical direction and 0.0512 in the 45 degrees direction for the north side while for the 
south side it was 0.0014 in the horizontal direction, 0.0005 in the vertical direction and 
0.0019 in the 45 degrees direction. Consequently, the principal strains are in the north 
direction 81= 0.1093 and 82= -0.0035 with 8 = -0.9°, and in the south direction 81= 
0.0020 and S2= -0.0001 with 8 = -32.3°. The results are given in Fig. 3.26. 
Table 3.6 Major Events during testing of Bearn "BB 1.0%" 
Total Applied Deflection at 
Load Stage Comment 
Load (kN) Midspan (mm) 
0 0 0.00 Initial setting of the beam 
3 74 1.71 First hairline cracking 
Switch to deflection 
5 125 3.33 control at a rate of 0.65 
mm/min 
7 175 5.01 Flexural cracks start to 
appear and develop 
10 250 7.69 Shear cracks start to develop 
13 325 11.06 Rapid Extension of shear 
crack of North Side 
Abrupt final shear failure 
17 395.9 17.35 on North Side; Load drop 
to 104 kN 
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Load Vs Deflection Center 
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Figure 3.1 - Load deflection curve for Bearn "BA 0%" 
a) Center of Bearn "BA 0%" 
Figure 3.2 - Crack pattern at load stage 18 for Bearn "BA 0%" 
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b) South Side of Bearn "BA 0 %" 
c) North Si de of Bearn "BA 0%" 
Figure 3.2 (Continued) - Crack pattern at load stage 18 for Bearn "BA 0%" 
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a) Center of Bearn "BA 0%" 
b) North si de of Bearn "BA 0%" 
Figure 3.3 - Photograph of the crack pattern at failure (load stage 30) for Bearn "BA 0%" 
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c) South side of Bearn "BA 0%" 
Figure 3.3 (Continued) - Photograph of the crack pattern at failure (load stage 30) for 
Bearn "BA 0%" 
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Figure 3.4 - LVDT readings at the north and south supports for Bearn "BA 0%" 
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Figure 3.5 - North and South Rosette LVDT readings for Bearn "BA 0%" 
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Figure 3.6 - Strain gauge readings on longitudinal steel for Bearn "BA 0%" 
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Figure 3.7 - Strain gauge readings on stirrups for Bearn "BA 0%" 
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Figure 3.8 - Load deftection curve for Bearn "BA 0.5%" 
a) Center of Beam "BA 0.5%" 
Figure 3.9 - Crack pattern at load stage 19 for Bearn "BA 0.5%" 
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b) South side of Bearn "BA 0.5 %" 
c) North side of Bearn "BA 0.5%" 
Figure 3.9 (continued)- Crack pattern at load stage 19 for Bearn "BA 0.5%" 
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a) Center of Bearn "BA 0.5%" 
b) South side of Bearn "BA 0.5 %" 
Figure 3.10 - Photograph of the crack pattern at failure for Bearn "BA 0.5%" 
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c) North side of Beam "BA 0.5%" 
Figure 3.10 (Continued) - Photograph of the crack pattern at failure for Bearn "BA 0.5%" 
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Figure 3.11 - LVDT readings at the north and south supports for Bearn "BA 0.5%" 
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Figure 3.12 - North and South Rosette LVDT readings for Bearn "BA 0.5%" 
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Figure 3.13 - Strain gauge readings on longitudinal steel for Bearn "BA 0.5%" 
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Figure 3.14 - Strain gauge readings on stirrups for Bearn "BA 0.5%" 
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Figure 3.15 - Load deflectioll curve for Bearn "BA 1.0%" 
a) Center of Bearn "BA 1.0%" 
Figure 3.16 - Crack pattern at load stage 21 for Bearn "BA 1.0%" 
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b) South Side of Bearn "BA 1.0%" 
c) North Side of Bearn "BA 1.0%" 
Figure 3.16 (Continued) - Crack pattern at load stage 21 for Bearn "BA 1.0%" 
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a) Center of Bearn "BA 1.0%" 
b) South Side of Bearn "BA 1.0%" 
Figure 3.17 - Photograph of the crack pattern at failure for beam BA 1.0% 
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Figure 3.17 - Photograph of the crack pattern at failure for Bearn "BA 1.0%" 
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Figure 3.18 - L VDT readings at the north and south supports for Bearn "BA 1.0%" 
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Figure 3.19 - North and South Rosette L VDT readings for Bearn "BA 1.0%" 
57 
Sleel Sirain on Gauge 11 Sleel Sirain on Gauge 15 
600 600 
500 500 
400 400 
Z 300 ~ 300 ~ 
al " 
" 0 200 .3 200 ...J 
100 100 
100 200 300 400 500 600 7 0 1000 2000 3000 4000 5000 6000 7000 8000 
-100 -100 
Strain (mm/mm 906) Sirain (mm/mm 906) 
Sleel Sirain on Gauge 17 Sleel Slrain on Gauge 31 
600 600 
500 500 
400 400 
~ 300 ~ 300 
" " 
" " 
.3 200 .3 200 
100 100 
500 1000 1500 2000 2500 100 200 300 400 500 600 700 800 900 1600 
-100 -100 
Sirain (mm/mm 906) Sirain (mm/mm e-6) 
Figure 3.20 - Strain gauge readings on longitudinal steel for Bearn "BA 1.0%" 
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Figure 3.21 - Strain gauge reading on stirrups for Bearn "BA 1.0%" 
59 
Load Vs Deflection Center 
300 
250 
Z 
~ 200 
"tI 
CIl 
0 
...J 
"tI 150 
.!!! 
a. 
Q, 
oC( 
iii 100 
'0 
1-
50 
0 
0 4 8 12 
Maximum Midspan Deflection (mm) 
Figure 3.22 - Load deflection curve for Bearn BB 0% 
a) South Side of Bearn "BB 0%" 
Figure 3.23 - Crack pattern at load stage 10 for Bearn "BB 0%" 
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b) North Side of Bearn "BB 0%" 
c) Center of Bearn "BB 0%" 
Figure 3.23 (Continued) - Crack pattern at load stage 10 for Bearn "BB 0%" 
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a) Center of Bearn ''BB 0%" 
b) South Side of Bearn "BB 0%" 
Figure 3.24 - Photograph of the crack pattern at failure for Bearn "BB 0%" 
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Figure 3.24 (Continued) - Photograph of the crack pattern at failure for Bearn "BB 0%" 
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Figure 3.25 - L VDT readings at the north and south supports for Bearn "BB 0%" 
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Figure 3.26 - North and South Rosette L VDT readings for Bearn "BB 0%" 
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Figure 3.27 - Strain gauge readings on longitudinal steel for Bearn "BB 0%" 
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Figure 3.28 - Load deflection curve for Bearn "BB 0.5%" 
a) Center of Beam "BB 0.5%" 
Figure 3.29 - Crack pattern at load stage 13 for Bearn "BB 0.5%" 
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b) South Side of Bearn "BB 0.5%" 
c) North Side of Bearn "BB 0.5%" 
Figure 3.29 (Continued) - Crack pattern at load stage 13 for Bearn "BB 0.5%" 
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a) Center of Bearn "BB 0.5%" 
b) South Side of Bearn "BB 0.5%" 
Figure 3.30 - Photograph of the crack pattern at failure for Bearn "BB 0.5%" 
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c) North Side of Beam "BB 0.5%" 
Figure 3.30 (Continued) - Photograph of the crack pattern at failure for Bearn "BB 0.5%" 
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Figure 3.31 - LVDT readings at the north and south supports for bearn BB 0.5% 
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Figure 3.32 - North and South Rosette LVDT readings for Bearn "BB 0.5%" 
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Figure 3.33 - Strain gauge readings on longitudinal steel for Bearn "BB 0.5%" 
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Figure 3.34 - Load deflection curve for Bearn "BB 1.0%" 
a) Center of Bearn "BB 1.0%" 
Figure 3.35 - Crack pattern at load stage 15 for Bearn "BB 1.0%" 
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b) South Side of Bearn "BB 1.0%" 
c) North Side of Bearn "BB 1.0%" 
Figure 3.35 (Continued) - Crack pattern at load stage 15 for Bearn "BB 1.0%" 
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a) Center of Bearn "BB 1.0%" 
b) South Side of Bearn "BB 1.0%" 
Figure 3.36 - Photograph of the crack pattern at failure for Bearn "BB 1.0%" 
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c) North Side of Bearn "BB 1.0%" 
Figure 3.36 (Continued) - Photograph of the crack pattern at failure for Bearn "BB 1.0%" 
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Figure 3.37 - L VDT readings at the north and south supports for Bearn "BB 1.0%" 
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Figure 3.38 - North and South Rosette L VOT readings for Bearn "BB 1.0%" 
76 
Steel Strain on Gauge 15 Steel Strain on Gauge 16 
- ~--_.~_.~ ... " .... _ .. ,.._-~--
-- -"------. 45l}T-~ 
400 400 
350 350 
300 300 
Z 250 ~ 250 6 
'D 'D .. 
.. 200 0 200 0 
..J 
..J 
150 150 
100 100 
50 50 
-200 200 400 600 800 1000 1200 1400 1600 1800 2000 
-500 500 1000 1500 2000 
Strain (mmlmm e-6) Stroin (mm/mm e-6) 
Steel Strain on Gauge 17 Steel Strain on Gauge 31 
~ 450 
400 400 
350 350 
300 300 
Z 250 ~ 250 ~ 
il 'D 
0 200 
" 200 ..J 
.s 
150 150 
100 100 
50 50 
~2oo 200 400 600 800 1000 1200 1400 1600 1800 2000 
-50 50 100 150 200 250 300 350 400 
Strain (mm/mm e-6) Stroin (mm/mm e-6) 
Figure 3.39 - Strain gauge reading on longitudinal steel for Bearn "BB 1.0%" 
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Chapter 4 
Analysis and Comparison of Results 
The analysis and comparison of the responses of the six specimens that were 
tested are presented in this chapter. The test series was designed to provide full-scale 
beam that were either shear critical or flexural critical, and with an a/d ratio greater than 
2.5. The actual concrete strength at the time of testing was 23.6 MPa for beams with 0% 
fibres, 21.3 MPA for beams with 0.5% fibres and 19.6 MPa for beams with 1 % fibres. 
The yield stress of the reinforcement was 429.3 MPa for the 25M bars, 435.6 MPa for the 
20M bars and 479.5 MPa for the lOM stirrups. 
4.1 Prediction of responses 
4.1.1 CSA Prediction 
The simplified expressions of the CSA Standard (CSA 2004) for the nominal 
shear capacity of concrete, Vc, and the stirrup contribution, Vs , are: 
[N, mm] [4.1] 
And, 
AJydv coUt Vs =--'---- [N, mm] [4.2] 
s 
The nominal shear capacity, V n, of a beam with stirrups is: 
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[N, mm] [4.3] 
The CSA standard permits the use of the simplified method provided that the steel 
reinforcement does not exceed 400 MPa and that the specified concrete strength is no 
more than 60 MPa. For the simplified method, the value of ~ in Eq. 4.1 is given as 
j3 = 230 
(1000 + dv ) 
[4.4] 
Table 4.1 shows the predictions using the simplified method of the CSA Standard (CSA 
2004) for aIl beams. 
Table 4.1 Prediction using the CSA Standard (CSA 2004) 
Vc (kN) Vs (kN) Vn (kN) 
Specimen 
"BA 0%" 103.8 196.0 231.2* 
"BA 0.5%" 98.2 196.0 226.3* 
"BA 1.0%" 94.2 196.0 222.0* 
"BB 0%" 94.7 0 94.7 
"BB 0.5%" 90.0 0 90.0 
"BB 1.0%" 86.3 0 86.3 
*note: The predlcted shear IS governed by flexural Ylelding. 
4.1.2 Predictions Using the Modified Compression Field Theory 
The following predictions were made using the pro gram RESPONSE 2000 
developed at the University of Toronto by Evan C. Bentz (Bentz, 2000). This software 
assumes that plane sections remain plane and performs a full MCFT analysis ta provide a 
shear response. Table 4.2 shows the predictions using the MCFT for aIl beams. The input 
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and output values for specimens of "BA" and "BB" series of the RESPONSE 2000 
analysis are presented in Appendix A. 
Table 4.2 Prediction using the Response 2000 (Bentz, 2000) 
Vn (kN) 
Specimen 
"BA 0%" 254.3 
"BA 0.5%" 251.5 
"BA 1.0%" 248.5 
"BB 0%" 106.7 
"BB 0.5%" 102.7 
"BB 1.0%" 99.9 
4.1.3 Modified Predictions 
As stated in Chapter 1, both the CSA expression and the MCFT theory do not account for 
the influence of fibres. Consequently, the original CSA expression and the output shear 
response from RESPONSE 2000 need to be modified in order to include the effect of 
steel fibres. The addition of fibres is governed by the following expression in concrete 
(Aoude, 2007): 
[N, mm] [4.4] 
Where: 
Ppull is the maximum pullout strength of a single fibre. It has been determined that in 
this experiment, Ppull = 165 N/fibre. 
N fibers is the number of fibres per unit area. 
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Njibers = [Vf )xaxn2 
Af 
[4.4.1] 
where Vr is the volume fraction of fibres, Af is the cross section al area of the fibre, 
a is the orientation efficiency factor equal to 3/8 and n2 is the fibre location factor 
equal to 0.5. 
Â is an empirical participation factor to scale the participation of the fibres factor 
depending on the dimensional properties of the section. 
1.52 
[ ]
1.22 
Àfactor = % [4.4.2] 
dv is the lever arm 
hw is the width of the cross-section 
B is the angle of principal compression, assumed to be the shear crack angle. The 
angle used in these predictions is obtained from Equations 4.2 and 4.3 of the CSA 
code combined with V fO in RESPONSE 2000. Table 4.3 shows the details of these 
calculations. 
Table 4.3 Shear angle calculations 
Fibres Volume Vf(kN) Mf (kN.m) d v (m) 2*E*AsT ex Angle 
0.50% 102.7 138.65 0.394 800000 0.000568462 32.979 
1% 99.9 134.87 0.394 800000 0.000552963 32.871 
The total shear is then evaluated as: 
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[N] [4.5] 
V pullout is the shear corresponding to the pull out of fibres calculated for the two following 
volume ratio of fibres, 0.5% and 1 %. Table 4.4 presents the results of this calculation. 
Table 4.4 Fibre contribution to shear capacity 
Fibers Ppull bw dx Angle Nfibres Nactor V uullout (kN) 
0.50% 165.0 300 437.5 32.97 0.00395 0.422 50.0 
1% 165.0 300 437.5 32.87 0.00789 0.422 100.5 
It is now possible to determine the maximum shear capacity that the beam will be able to 
demonstrate. Table 4.5 presents the results for both the MCFT and CSA methods. 
Table 4.5 Revised shear capacity including fibres contribution 
CSA MCFT 
Specimen Revised CSA Max. Revised MCFT Max. 
Vr (kN) Shear (kN) Vr (kN) Shear (kN) 
"BA 0%" 231.2 231.2* 254.3 254.3* 
"BA 0.5%" 226.3 226.3* 251.5 251.3* 
"BA 1.0%" 222.0 222.0* 248.5 248.5* 
"BB 0%" 94.7 94.7 106.7 106.7 
"BB 0.5%" 90.0 140.0 102.7 152.7 
"BB 1.0%" 86.3 186.8 99.9 200.4 
*note: The predicted shear is governed by flexural yielding. 
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4.2 Analysis and comparison of responses 
Table 4.6 shows the comparison of the experimental results with the modified 
prediction using the CSA Standard (CSA 2004) and MCFT theory using Response 
2000 (Bentz, 2000). Table 4.6 shows the detailed results of these calculations. 
Table 4.6 Experimental Vs Theoretical CSA Prediction 
Specimen Experimental Theoretical Theoretical TEST/CSA MCFT 
Maximum CSAMaximum MCFT Maximum Variation Variation 
Shear (kN) Shear (kN) Shear (kN) 
"BA 0%" 245.0 231.2* 254.3* - -
"BA 0.5%" 244.4 226.3* 251.3* - -
"BA 1.0%" 244.3 222.0* 248.5* - -
"BB 0%" 125.1 94.7 106.7 32.1% 17.2% 
"BB 0.5%" 154.3 140.0 152.7 10.2% 1.0% 
"BB 1.0%" 198.0 186.8 200.4 6.0% -1.2% 
*note: The predicted shear is govemed by flexural yielding. 
As indicated in Table 4.6, the maximum shears attainable in three specimens 
containing stirrups are govemed by the flexural capacities. Using the CSA Standard 
approach, the predicted moment capacities are 312.1 kN.m for the "0%" series, 305.5 
kN.m for the "0.5%" series and 299.6 kN.m for the "1.0%" series. For the 1.35 m 
shear span, the maximum shear forces are predicted to be 231.2 kN, 226.3 kN and 
222.0 kN, respectively. As expected, the experimental results for the "BA" series are 
extremely close in terms of the maximum shear for aIl of the specimens. The 
beneficial effects of the fibres for these three specimens are discussed below. 
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The comparison of the experimental results of beam series "BB" shows that fibres 
increased the shear capacities. A fibre addition of 0.5% increases the capacity by 
23.2% while an addition of 1.0% fibres increases the capacity by 58.3%. The modified 
prediction based on the CSA Standard tends to underestimate the experimental 
capacity and this is particularly noticeable when no fibres are present. The modified 
predictions using the MCFT are very close to the experimental results. 
The comparison of the load-deflection response of the specimens shows that beams of 
series "BA" have the same linear elastic behaviour. After yielding, they continue to 
behave similarly up to about 30 mm deflection. After that point, the load applied to the 
specimens starts to faU slowly with a smaUer rate for the beam with a greater amount 
of fibres. AH the BA series specimens have demonstrated flexural yielding with 
crushing of the concrete in the constant moment region after maximum load was 
reached, at about 80% of the peak load. Also, the beams with higher fibre content were 
able to sustain a load similar to the peak load for larger deflections. Moreover, it has 
also been found that greater ductility is obtained for specimens containing fibres. The 
values of displacement ductilities, Rd, were 2.74 for Bearn "BA 0%", 4.34 for Bearn 
"BA 0.5%" and 5.49 for Bearn "BA 1.0%". In the "BB" series, the presence of fibres 
improved the ductility at failure slightly, with a smaU plateau at the maximum 
experimentalload. 
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The load deflection curves of aIl the specimens are presented in Fig. 4.1. 
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Fig. 4.1 - Load deflection curve for aIl specimens 
The crack pattern has been found to be very different from one specimen to 
another. As shown is Fig 4.2, the progression of the crack width is much more controIled 
when fibres are present. The crack size was found to be reduced by up to 15% in the early 
stages of loading, while after the peak load a reduction of about 60% was observed until 
major cracks (>5mm) appeared at the very last stages of the experiment. At that point, the 
fibres were inefficient since they had already reached their pullout strength. Figure 4.2 
shows the increase of crack widths during loading. 
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Crack width Versus Load 
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Fig. 4.2 - Crack width versus Load 
The specimens with higher fibre content had more but smaUer cracks. For the 
purpose of analysis, the beam was divided in three distinct regions (North Shear Span, 
Constant Moment Region, South Shear Span) in order to report the number of cracks. 
Table 4.7 shows the number of cracks in each of the regions. 
In beam series "BA", there tends to be a significant number of additional cracks for the 
fibre reinforced specimens, particularly in the constant moment region. In the beam series 
"BB", addition al cracks appeared in aU regions with slightly more cracks in the region 
where the final shear failure occurred. This behaviour suggests that increasing the amount 
of fibres permits a redistribution of stresses and hence results in the formation of more 
cracks. 
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Table 4.7 Number of cracks and distribution 
Specimen North Shear Constant South Shear 
Span Moment Re~ion Span 
"BA 0%" 9 13 12 
"BA 0.5%" 12 22 13 
"BA 1.0%" 9 24 12 
"BB 0%" 5 5 5 
"BB 0.5%" 8 8 9 
"BB 1.0%" 11 11 9 
Fig. 4.3 - Photographs of beam series "BA" 
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Fig. 4.4 - Photographs of beam series "BB" 
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Chapter 5 
Conclusions and Recommendations 
The following conclusions were drawn from the results of the experimental 
program on the six beams that were tested: 
1) For the beams without transverse reinforcement, the presence of fibres c1early 
increased the shear capacities. 
2) For the beams with transverse reinforcement, the specimen beams were able 
to sustain their maximum load levels for greater deflection than the beams 
without transverse reinforcement. Also, the presence of fibres increased the 
displacement ductility of the beam. This characteristic is particularly 
beneficial when high ductility is needed. The fibres also have the potential to 
reduce the congestion of the reinforcement if fibres are designed to partially 
replace c10sely spaced transverse reinforcement. Further research should be 
conducted to determine the behaviour of such beams subjected to cyclic 
loading. 
3) In all cases, the crack widths measured in the specimens containing fibres 
were greatly reduced and the crack length were smaller. Also, it was noted 
that a redistribution of stresses occurred resulting in the formation of more 
well-controlled cracks. 
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4) The strength predictions using the method developed hy Aoude (Aoude, 2007) 
and the Modified Compression Field Theory agree very weIl with the 
experimental results. 
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Gross Cone. Trans (n=9.26) 
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Inertia (mm 4) x 106 1 3125.0 
Yt (mm) 250 
Yb (mm) 250 
St (mm3) x 103 12500.0 
Sb (mm3) x 103 12500.0 
Crack Spacinq 
2 x dist + 0.1 db /p 
Loadinq (N,M,V + dN,dM,dV) 
0.0 , 0.0 ,0.0 + 0.0, 1.0 , 0.0 
Concrete r = 19.6 M,~~.-._ .. ~ 
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Moment:::: 335.4 kNm 
Shear = 0.0 kN 
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Crack Diagram 
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Area (mm2) x 103 
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Crack Spacinq 
2 X dist + 0.1 db Ip 
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Loadinq (N,M,V + dN,dM,dV) 
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Clear cover to reinforcement = 50 mm 
Specimen "BB 00/0" 
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txo = 4.25 mm/m 
<1> = 34.70 rad/km 
yxy(avg) = 0.00 mm/m 
Axial Load = 0.2 kN 
Moment:= 343.6 kNm 
Shear = 0.0 kN 
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Crack Diagram 
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1 
1 
Ilnertia (mm 4) x 106 [ 3125.0 
Yt (mm) 250 
Yb (mm) 250 
St (mm3) x 103 12500.0 
Sb (mm3) x 103 12500.0 
Crack Spacing 
2 x dist + 0.1 db /p 
Loading (N,M,V + dN,dM,dV) 
0.0 , 0.0 ,0.0 + 0.0, 1.0 , 0.0 
Concrete fc' = 21.3 MPa 
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Specimen "BB 0.5%" 
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ë xo = 3.93 mm/m 
cp = 34.69 rad/km 
YXy(avg) = 0.00 mm/m 
Axial Load = -0.0 kN 
Moment:= 339.5 kNm 
Shear = 0.0 kN 
81.8 
Crack Diagram 
Longitudinal Concrete Stress 
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Internai Forces 
C: 929 kN 
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180 mm 
T: 929 kN 
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Long. Reinf Stress at Crack 
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N+M 
M: 340 kNm 
N: -0 kN 
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Gross Cane. Trans (n=9.26) 
Area (mm2) x 103 1 150.0 
Inertia (mm 4) x 106 3125.0 
Yt (mm) 250 
Yb (mm) 250 
St (mm3) x 103 12500.0 
Sb (mm3) x 103 12500.0 
Crack Spacing 
2 x dist + 0.1 db /P 
Loading (N,M,V + dN,dM,dV) 
0.0 , 0.0 ,0.0 + 0.0, 1.0 , 0.0 
Concrete 
19.6MPa ~ 
a = 19 mm 
ft = 1.48 MPa (auto) 
'= 1.86 mm/m 
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Ali dimensions in millimetres 
Clear caver ta reinforcement = 50 mm 
Specimen "BB 1.00/0" 
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cxO = 3.63 mm/m 
<p = 34.68 rad/km 
~ 'Yxy(avg) = 0.00 mm/m 
Axial Load = -0.0 kN 
Moment:= 335.4 kNm 
Shear = 0.0 kN 
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Crack Diagram 
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Specimen "Bij 1 .0%" 
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